W
aterborne pathogens pose a health risk to recreational water users (1) , in drinking water systems (2) , and in aquatic organisms such as shellfish that are consumed by humans (3) . These waterborne pathogens include more than 40 different groups or genera, including viruses, bacteria, protozoa, cyanobacteria, and helminths (4) . Additional waterborne pathogens will doubtless emerge over time due to increased proportions of sensitive populations, globalization of commerce, microbial evolution, and use of reclaimed water as drinking water (5) . Many waterborne pathogens originate from fecal pollution in storm water runoff from agricultural and urban surfaces (6) or direct release of untreated sewage to surface water (7) . Additional sources of waterborne fecal pathogens include wildlife and domesticated animals such as deer, dogs, raccoons, cats, and wild avian species (8) . Still other waterborne pathogens, such as Vibrio spp., are autochthonous to aquatic environments (9) .
The microbiological safety of surface water has been assessed for over a century by enumeration of fecal indicator bacteria (FIB) (10) . Other monitoring techniques such as microbial source tracking (MST) are advantageous compared to enumeration of FIB because microorganisms or genes targeted via MST methods have an exclusive or preferential association with the gastrointestinal tract of a particular host species. These host-associated microorganisms are shed in feces, which may then be detected in water bodies. MST has been shown to be a useful method for determining the relationship between human health risk, water quality, and total maximum daily load (TMDL) (11) . While there are currently over 100 different microbial source tracking marker genes proposed for use in water quality monitoring (12) , it is impractical to monitor for all these microorganisms using quantitative PCR (qPCR) methods. However, as has been shown previously (13) , microarrays, wherein thousands to hundreds of thousands of gene targets can be assayed at one time, allow for detection of multiple targets simultaneously. When whole-genome amplification (WGA) is used to amplify nucleic acids from environmental samples prior to microarray analysis, it is possible to simultaneously assay a sample for thousands of different organisms and multiple gene targets (e.g., virulence genes, 16S rRNA, antibiotic resistance genes, and mitochondrial DNA [mtDNA]).
One limitation to the monitoring of surface water via molecular methods is the low abundance of pathogens typically present in water; however, even low concentrations pose a health risk (14) . Concentration methods such as hollow-fiber ultrafiltration (HFUF) (15) (16) (17) or a modification of this method, dead-end HFUF (DEUF) (18, 19) , can help to overcome the dilution issue. Both methods have a high rate of recovery of microbes from large volumes of water (e.g., 100 liters). Here, we report on the use of ultrafiltration methods, WGA, and a novel MST microarray in order to detect waterborne pathogens and MST marker genes in surface water (freshwater and marine water), surface water spiked with sewage, and wastewater treatment plant (WWTP) effluent.
The MST microarray combined with ultrafiltration methods could help regulators and researchers alike make informed decisions about water reuse for irrigation, in monitoring recreational and drinking water quality, and in tracking fecal pollution sources for remediation purposes.
MATERIALS AND METHODS
Microarray design. The design of the microarray has been previously reported (13) . Each array consisted of 411 distinct probes and associated controls (see below), which were replicated eight times on one slide. The probes included on each array targeted one or more of the following groups: (i) bacterial, eukaryotic, and viral waterborne pathogens; (ii) fecal indicator bacteria; (iii) previously published MST marker genes and mitochondrial DNA (mtDNA) genes; (iv) antibiotic resistance genes; (v) universal bacterial probes and enteric bacterial probes; and (vi) positive and negative controls. The distribution of gene probes was 43% rRNA (5S, 16S, 18S, or 23S of 157 different organisms by 174 probes), 16% viruses (17 different viruses by 69 probes), 14% mtDNA (28 different organisms by 54 probes), 20% pathogen virulence or housekeeping genes (77 different genes by 80 probes), 6% antibiotic resistance genes (3 different antibiotic groups by 25 probes), and 2% control probes (3 positive-control probes and 6 nonsense probes). A total of 174 probes were considered to be MST marker probes, although some probes were considered to belong in both the pathogen and MST marker gene categories. For example, human-associated adenovirus (20) was considered to be both an MST marker gene and a pathogen. All probes were 60 bases in length with a melting temperature of 65 to 82°C. Probes were included on the array if they were, first, previously validated probes (lengthened or shortened to 60-mers); second, previously published qPCR primers and/or probes that could be lengthened to 60-mers; or third, probes designed using CommOligo 2.0 (21), targeting microorganisms or genes listed above. The microarrays were printed by Agilent (Custom CGH, 8 ϫ 15K platform; Agilent, Santa Clara, CA). Only two of the three positive-control probes on the arrays were used in this work.
Ultrafiltration methods. All hollow-fiber ultrafiltration (HFUF) of samples were conducted on Rexeed-25S hemodialyzer filters (Asahi Kaei Medical America, Inc., Memphis, TN, or Dial Medical Supply, Chester Springs, PA), using previously published methods for dead-end ultrafiltration (DEUF) (19) or HFUF (22) . The treated wastewater samples were concentrated using DEUF (at West Virginia University), while the sewage and surface water samples were concentrated using HFUF (at the University of South Florida). The only change from previously published methods was that DEUF retentate was eluted using sterile 1ϫ phosphate-buffered saline (PBS) at pH 9.0 in order to enhance the efficiency of virus recovery.
In order to determine the recovery efficiency of the DEUF method, two tests were conducted. First, a known abundance of Escherichia coli (ATCC 9637) cultured to late exponential phase in LB broth was resuspended in 2 liters of 1ϫ PBS and concentrated via DEUF to 75 ml. The abundance of the uidA gene of E. coli in 1 ml of the DEUF retentate was determined via qPCR. Second, the abundance of human polyomavirus was quantified in two samples: (i) 160 ml of raw sewage (Star City, WV) and (ii) 160 ml of raw sewage diluted in 1,440 ml of 1ϫ PBS. The diluted sewage sample was concentrated via DEUF to 160 ml and then centrifuged at 16,000 ϫ g for 1.5 h. Then, nucleic acids from 0.5 g of concentrate from centrifugation were extracted via the manual coextraction method described below.
In order to evaluate the effect of disinfection on targeted microorganisms in wastewater, 11.4 liters of secondarily treated wastewater was collected immediately before chlorination, and 11.4 liters of effluent was collected immediately postdechlorination from the Star City, WV, wastewater treatment plant. The Star City, WV, treatment plant treats up to 12 million gallons per day with primary treatment through sedimentation and secondary treatment with activated sludge or a rotating biological contactor followed by disinfection with chlorine gas and dechlorination with sodium bisulfite. The water samples were transported to the laboratory immediately after sampling on ice and were mixed thoroughly by shaking prior to ultrafiltration using the DEUF method. The prechlorination effluent was concentrated from 11.4 liters to 225 ml, and the dechlorinated effluent was concentrated from 11.4 liters to 210 ml. One milliliter of the concentrate was used for nucleic acid extraction.
To evaluate the potential for the microarray to detect pathogens in fresh and marine water, five samples were tested: (i) sewage from the Falkenburg Road Advanced Wastewater Treatment Plant, Tampa, FL; (ii) freshwater from the Hillsborough River, Tampa, FL; (iii) marine water from the Intracoastal Waterway, St. Petersburg, FL; (iv) freshwater spiked with sewage in a 1:50 ratio; and (v) marine water spiked with sewage in a 1:50 ratio. Forty liters of freshwater was collected from the Hillsborough River, Tampa, FL (N28 4.436, W82 22.526), and 40 liters of marine water was collected from the Intracoastal Waterway, St. Petersburg, FL (N27 48.0003, W82 46.004). Twenty liters of each water sample was concentrated via HFUF to obtain a final volume of 200 ml. This was further concentrated to 10 ml by centrifugation at 4°C in 15-ml centrifugal filter units with a 50,000-molecular-weight cutoff (50K MWCO) (Amicon Ultra-15; Millipore, Darmstadt, Germany). Another 20 liters of each water sample was spiked with 400 ml sewage influent collected from the Falkenburg Road Advanced Wastewater Treatment Plant, Tampa, FL, and concentrated to 200 ml using hollow-fiber filtration (22) . The sewagespiked river water and spiked marine water were further concentrated in centrifugal filters to 50 ml and 25 ml, respectively. One liter of the sewage influent was also concentrated to 35 ml as described above.
Nucleic acid extraction and handling. Nucleic acids (DNA and RNA) from the concentrated treatment plant effluent samples were extracted using a manual coextraction method (23) . cDNA was synthesized from DNase (Thermo Scientific, Pittsburgh, PA)-treated RNA by the Maxima first-strand synthesis kit (Thermo Scientific) according to the manufacturer's instructions. The DNA and RNA were coextracted from 250 l of the final concentrated volumes for river, spiked river, marine, spiked marine, and sewage samples using the MoBio PowerWater RNA isolation kit (Carlsbad, CA). Then, 8 l of the extracted mixture was converted to cDNA using the GoScript reverse transcription system (Promega, Madison, WI). The purified DNA and cDNA samples were shipped on ice to West Virginia University for testing via the microarray.
WGA and microarray handling. The DNA and cDNA from each of the seven samples were amplified separately by the Illustra Genomiphi V2 DNA amplification kit (GE Healthcare, Pittsburgh, PA) according to the manufacturer's instructions. The general microarray sample handling has been reported previously (13) and can be summarized as follows: (i) total DNA or cDNA was amplified separately by WGA and then combined, (ii) restriction enzymes (PvuII, RsrII, SgrAI, and Nb.BbvcI; New England BioLabs, Ipswich, MA) were used to shorten WGA nucleic acids to less than 3,000 bp, (iii) known concentrations of positive controls were added, (iv) nucleic acids were labeled with Cy3 (SureTaq DNA labeling kit; Agilent, Santa Clara, CA), (v) labeled nucleic acids were hybridized to the microarray and then the unbound labeled nucleic acids were washed off, and (vi) the array was scanned and data were normalized before analyzing the results.
To normalize results and to minimize false-positive detections, the fluorescence levels of the perfect-match probes (PM; identical to the target genes) were compared against mismatch probes (MM; 3 to 9 nucleotides different from the corresponding PM probes). There were five replicates for each PM probe on the array. Twenty-seven MM probes were designed for each PM probe by replacing 1, 2, or 3 nucleotides at three probe regions at equally distant locations along the 60-mer probes (13) . All the fluorescence unit (FU) signals were log transformed and background subtracted according to Agilent data normalization protocols. Then, the mean log FU of the negative-control and nonsense control probes for each microarray was subtracted from all PM and MM probe values. After sample labeling with Cy3, the microarray, labeled samples, filters, and backing slide were shipped to the Duke University Microarray Facility for sample hybridization to the microarray, washing, and scanning using an Agilent C scanner.
qPCR. The abundance of several genes pre-and post-WGA was determined by quantitative PCR (qPCR) to evaluate WGA efficiency. Further, these gene abundances were used to correlate gene abundance via qPCR with the microarray fluorescence and to confirm the presence of various pathogens or markers of interest in environmental samples. Both SYBR green and TaqMan qPCR were applied in this study, and the primer and probe information can be found in Table S1 in the supplemental material. The qPCR primer and probe concentrations, thermocycler conditions, and positive and negative controls have been reported previously (13, 24) . SYBR green-based detection was used for human Bacteroidales, human norovirus, and human polyomaviruses, while TaqMan-based detection was used for the remaining genes (see Table S1 ).
Data normalization and statistical analysis. Log FU of PM signals was normalized to that of added standards by the following approach. Two positive-control genes (cloned into plasmids) which are not expected to be in sewage or surface waters, the 5.8S rRNA gene of Oncorhynchus mykiss and the 16S rRNA gene of Dehalococcoides mccartyi, were added to each sample following WGA and before Cy3 labeling. A range of control concentrations at seven increments, ranging from 0.2 to 1.4 ng DNA, was added at one concentration per sample. The resulting linear regression of nanograms of positive-control DNA added versus log FU for seven separate arrays is presented in Fig. 1 . The standard curve was used to normalize all PM probe fluorescence among samples on a given set of arrays based on the log FU of positive controls added to each array. If the log FU of either positive control for any array diverged from the linear regression (e.g., gray squares in Fig. 1 for the array to which the sewage sample was hybridized), then the log FU of the PM probes on the same array was normalized by the correction required to fit the positive control to the linear regression (e.g., log FU of sewage sample PM probes was reduced by a scaling factor until it fitted the regression [ Fig. 1] ). The applied scaling factors ranged from 0.94 to 1.04. All further references to log FU are understood to be the normalized values. The log FU was used to generate a heat map showing detection and relative signal intensity for pathogen and antibiotic resistance genes.
Nonmetric multidimensional scaling (NMDS) of microarray data from rRNA probes was used to discriminate the pollution sources of the seven microarray samples in the current study and the previously reported results using the same microarray design on different fecal samples (13) . Microarray data from previously reported studies are labeled 1 and 2 here, while the microarray data from this study are labeled 3. All PM probes with normalized log FU for the PM probes exceeding 1.3 times the average signal for MM probes were considered a detection and assigned a "1"; otherwise, they were considered a nondetection and assigned a "0." The NMDS plots were generated using PROC MDS of SAS (ver. 9.4; SAS Institute, Inc., Cary, NC) on a Bray-Curtis distance matrix. Twenty replicate plots were generated, and the plot with the least stress was selected. Typically, NMDS plots with stresses of less than 0.1 are considered to have ideal ordination with little likelihood of misinterpretation (25) . Venn diagrams were generated using all PM probes on the microarrays to show probes detected in common between sample types.
Two methods were used to evaluate the microarray's ability to discriminate among fecal sources (Fig. 2) . First, sensitivity and specificity based on individual probe performance were calculated, as they would be for a qPCR method with a singular gene target (26) . Probes known to have human sewage association (i.e., MST markers or host-specific pathogens) and those considered to be general animal markers (e.g., Bacteroidales, present in the feces of most animals) by methods previously reported (see references in Table S2 in the supplemental material) were included in the calculation of sensitivity. Only MST markers and pathogens associated with specific animals other than humans were included in the calculation of specificity. An extensive review of the primary citation and subsequent literature detailing the host association of MST probes or primers included on the array was conducted to determine the true host association of the microarray MST probes. For this study, any MST probe found in greater than 50% of host fecal samples tested (as reported in the primary citation or subsequent literature) was deemed to be consistently associated with that host organism, and only these genes were included in calculation of sensitivity and specificity. A true positive (TP) was assumed to be the detection of an MST marker gene (e.g., human-associated Bacteroides) in a sample contaminated with fecal material in which the marker gene should be present (e.g., sewage). Furthermore, a false positive (FP) was the detection of an MST marker gene for a nontarget organism (e.g., swine feces marker) in a sewage-containing sample. True positive and false positive were used for calculating positive predictive value [TP/ (TP ϩ FP)], and true negative (TN) and false negative (FN) were used to calculate negative predictive value [TN/(FN ϩ TN)]. Sensitivity (percent true positive) was calculated as TP/(TP ϩ FN). Specificity was calculated as the percentage of true negatives, TN/(FP ϩ TN), and the percentage of false positives was calculated as the number of FPs detected on a microarray (e.g., a cattle marker detected in the swine feces sample) divided by the total number of host-associated MST probes on the microarray, FP/ (TP ϩ TN ϩ FP ϩ FN) (27, 28) .
The second method to evaluate the microarray's ability to discriminate among fecal sources contaminating a water sample was based on source identifier groups (29) and their abundance in samples (30) (Fig. 2) . Source identifier groups are defined as operational taxonomic units (OTUs) (29) or probes for the microarray here, which are associated with a particular fecal source. A fecal source was assumed to contaminate a sample if Ͼ20% of the OTUs or probes for that source were detected in a sample. If two or more source identifiers met the Ͼ20% threshold, then the source with the highest percentage of positive probes was considered the true source. Furthermore, the source identifier probe intensity (30) (log FU) was also evaluated, and the source identifiers with the greatest overall and average FU were assumed to identify the true source. liter Ϫ1 , respectively. The recovery efficiency was 95% for E. coli. The quantity of human polyomavirus in the 160-ml sewage sample was 2.62 log gene copies liter Ϫ1 . The equivalent 160-ml sample, which was diluted and concentrated by DEUF, contained 2.69 log gene copes liter Ϫ1 , indicating complete recovery of the human polyomaviruses from the filtration.
An average 46-fold increase in nucleic acid concentration by WGA for all the tested samples was observed (Table 1) . Based on qPCR results, WGA increased the average abundance of all genes targeted from 3.1 to 4.9 log gene copies liter Ϫ1 . However, some concentrations decreased between the pre-and post-WGA, such as norovirus from the WWTP effluent, S. aureus from the sewagespiked river sample, Bacteroidales from the sewage-spiked marine sample, and E. coli from sewage-spiked river and marine water samples.
Pathogen detection in environmental samples. Detections of all PM probes associated with microorganisms and gene targets on the microarray are reported in Table S2 in the supplemental material. An abbreviated list of pathogens and antibiotic resistance genes detected in the samples tested here as well as the normalized log FU detected in each sample is presented in a heat map (Table  2) . Four human virus genes were detected via the microarray, with the highest FU found in sewage and sewage-spiked samples. The presence of polyomavirus and adenovirus genes in positive microarray samples was confirmed via qPCR. Norovirus was not detected via the microarray but was detected via qPCR, although at lower abundances pre-WGA (1.0 Ϯ 0.4 log gene copies liter Ϫ1 ) than those of polyomavirus (3.9 Ϯ 2.1 log gene copies liter Ϫ1 ) and adenovirus (4.1 Ϯ 2.0 log gene copies liter Ϫ1 ) (data not shown). The post-WGA abundance of norovirus by qPCR was 1.4 Ϯ 0.6 log gene copies liter Ϫ1 . In total, 78% of samples and gene targets (n ϭ 7 samples and 8 gene targets [see Table S1 ]) tested via qPCR were also detected via the microarray.
Other potentially pathogenic microorganisms, such as Campylobacter fetus, Clostridium spp., E. coli, Enterococcus faecalis, Legionella pneumophila, Staphylococcus aureus, Salmonella enterica and Shigella flexneri, were detected in most of the water samples via the microarray (Table 2) . Furthermore, the presence of S. aureus, S. enterica, E. coli, and Enterococcus faecalis was confirmed via qPCR. The antibiotic resistance genes for aminoglycosides, beta-lactams, Bacteroidales, were considered true positives in the calculations. MST probes are those which have a host association, here assumed to be detected in greater than 50% of the fecal samples from that host or source organism. ARG, antibiotic resistance genes. Footnotes: a, probes indicated with an asterisk were included in further analysis; b, host-specific probes are found in Ͼ50% host feces tested and have a minimum of 75% specificity to host; c, source identifier probes were those detected in Ն50% of host feces (frequency from the literature); d, some MST probes were not considered if there was no dominant host association reported in the literature; e, multiple species, detected in two or more fecal types but not all animal feces. and tetracycline were mainly detected in sewage, river, spiked river, and spiked marine water samples via the microarray (Table 2).
In most cases, the addition of sewage to river or marine samples resulted in higher normalized log FU of microarray probes for sewage-associated microorganisms (Table 2) . Of the 365 probes detected in the river, marine, and spiked water samples tested, only in 36 cases did the log FU of probes detected in the unamended water samples (river or marine) exceed those in sewagespiked samples. Possible reasons for the greater FU of certain probes in water samples than in sewage-spiked samples include the following: (i) genes were in low concentrations in both sewage and natural waters and were near the detection limit for the microarray (e.g., bocavirus and antibiotic resistance genes), (ii) the sewage sample contained lower concentrations of the target microorganism than did the surface water samples (e.g., Clostridium perfringens, commonly found in sediments), and (iii) averaging of multiple probes for one gene target may artificially decrease the log FU (e.g., four Enterococcus faecalis 23S rRNA probes have different numbers of fluorescently labeled U nucleotides).
This correlation between pathogen concentration in a sample and normalized microarray FU is supported by our qPCR analysis for various pathogens. For example, the regression between qPCR gene copies liter Ϫ1 and microarray-normalized log FU for probes targeting Enterococcus spp., adenovirus, E. coli, and Bacteroidales (Fig. 3) indicates an overall significant linear correlation. The best individual correlation was for Enterococcus spp. (n ϭ 4, R 2 ϭ 0.59, P ϭ 0.04). Further evidence for the semiquantitative nature of the microarray is shown by the correlation between the mass of positive-control DNA hybridized to the array and observed FU (Fig. 1) .
Venn diagrams show the overlap in the probes detected in each related sample type (Fig. 4) . Seventy-one microorganisms were found in common among the river, spiked river water, and sewage samples (Fig. 4A) , while 60 microorganisms were found in common among the marine, spiked marine water, and sewage samples (Fig. 4B) . Thirty-seven probes were detected in both the prechlorination and postdechlorination samples of treated wastewater (Fig. 4C ). Relatively few organisms were detected only in one particular water type or sewage. Probes for five genes were detected only in sewage: a Bacteroides sp. strain (closely related to Bacteroides vulgatus Human 3, accession number JQ317268) (31) , an E. coli strain, the iron-oxidizing bacterium Leptospirillum ferriphilum, human polyomavirus, and a tetracycline resistance gene. Similarly, the fish-associated Photobacterium phosphoreum and Tenacibaculum maritimum were found only in the marine sample, and Edwardsiella ictaluri was detected in both marine and river samples. One of the probes for Giardia intestinalis was found only in the prechlorination wastewater sample, while another G. intestinalis gene was found in sewage and a spiked river sample. Fig. 5 for the samples tested here and those reported previously (13) . In general, related samples (e.g., marine, spiked marine, spiked river, river, and sewage) tended to cluster together and could be differentiated from samples from other sources (e.g., swine or bird feces). When the sensitivity and specificity of the microarray were calculated using methods originally intended for evaluation of single assays (i.e., qPCR for a single MST marker gene), the microarray's sensitivity was 51 to 57% and specificity was 79 to 81%.
Utility of microarray for microbial source tracking. Clustering of different sample types based on NMDS analysis is shown in
The source identifier classification method (Table 3 ) and the total and average normalized FU of source identifier probes indicated that animal-as well as human-and sewage-associated probes predominated in the sewage sample, while animal-, human-, and avian-associated probes dominated the sewage-spiked surface water samples. Specifically, the data indicated that all samples contained feces from warm-blooded animals (100% of animal probes detected). The next most abundant probes in the sewage sample after animal-associated probes were human-and sewage-associated probes (42% of human-and sewage-associated probes detected) at high total (7.3 log FU) and average (0.8 Ϯ 0.3 log FU of all human-and sewage-associated probes detected) probe intensities (Fig. 6) . In fact, all other MST probes detected in the sewage sample, not including animals, were only 5.3 log FU total and had significantly lower intensities than did human-associated probes, averaging 0.6 Ϯ 0.3 log FU (Fig. 6) . Finally, the source identifier analysis of the microarray indicated that sewagespiked marine and river water samples contained animal, human, and avian fecal inputs based on the percentage of source identifier probes detected (36 to 38% of human probes and 29% of avian probes detected in both samples), the probe category total intensity (Table 3) , and average probe intensity (Fig. 6) .
Four human-associated Bacteroidales 16S rRNA probes (i.e., HF183 and HF134f) were detected only in sewage and sewagespiked samples but not in either marine or river samples. Furthermore, these human feces-associated Bacteroidales probes had the greatest normalized log FU of all host-associated MST marker probes included on the microarray. The general probe targeting 16S rRNA for all enteric bacteria was detected in all samples except the postchlorination, wastewater effluent sample. In fact, the normalized log FU of the enteric bacterium probe was significantly higher (Student's t test, P ϭ 0.043) in the sewage and sewagespiked samples (1.064 Ϯ 0.280 log FU) than in the river, marine, and treated wastewater samples (0.408 Ϯ 0.432 log FU). Similarly, there were more overall bacteria based on the universal bacterial probe in sewage influent and spiked samples (1.927 Ϯ 0.057 log FU) than in the river, marine, and other wastewater samples (1.248 Ϯ 0.654 log FU), but not significantly more (Student's t test, P ϭ 0.14). Significantly more (Student's t test, P Ͻ 0.001) Gram-negative organisms (1.893 Ϯ 0.065 log FU) than Grampositive organisms (1.271 Ϯ 0.077 log FU) were detected in sewage and sewage-spiked samples, which is similar to previous findings (32) .
FIG 3 Linear regression of qPCR log gene copies liter
Ϫ1 versus average and standard deviation of normalized microarray probe log fluorescence. Circles, Enterococcus spp. (6 different probes in n ϭ 4 samples, R 2 ϭ 0.59, P ϭ 0.04); diamonds, Bacteroidales (7 different probes in n ϭ 6 samples, R 2 ϭ 0.70, P ϭ 0.23); triangles, adenovirus (7 different probes in n ϭ 4 samples, R 2 ϭ 0.58, P ϭ 0.24); inverted triangles, E. coli (3 different probes in n ϭ 3 samples, R 2 ϭ 0.92, P ϭ 0.18). The thick black line represents the overall regression line (R 2 ϭ 0.3, P Ͻ 0.012). Error bars represent the standard deviations of the log FU for all probes present on the array specific to a particular order, family, or genus. 
DISCUSSION
Due to the small pore size of the ultrafilter (ϳ29 to 47 kDa), both DEUF and HFUF can be used for recovering diverse microorganisms, including all classes of microbial waterborne pathogens. The DEUF method, a modification of HFUF, has been used as a simple and portable technique for field concentration of bacteria, viruses, protozoa, and parasites from large water volumes (19, 33, 34) . Two advantages to the DEUF method are that it is less likely to clog than other ultrafiltration methods and it is able to concentrate cells in the field followed by elution in the laboratory. The high recovery rates of 95% for E. coli and 100% for polyomavirus from water samples suggest that accurate determination of abundances of pathogens and detection limits in water samples is achievable.
WGA efficiency varied for human polyomaviruses and norovirus, E. coli, Enterococcus spp., Bacteroidales, Staphylococcus aureus, and Salmonella enterica. For instance, human polyomavirus (DNA virus) and norovirus (RNA virus) nucleic acid were not amplified as much as the bacteria (E. coli, Enterococcus spp., Bacteroidales, Staphylococcus aureus, and Salmonella enterica). Even for the five bacterial targets included in the evaluation, the increases in nucleotide concentrations are quite different from one another. The inefficient WGA amplification observed for some targets could be explained by either mechanistic issues with WGA in mixed environmental samples (35, 36) or bias in qPCR measurements. For example, factors affecting WGA efficiency could include the shorter genome sequences of the viruses, low initial nucleic acid concentrations not being amplified as efficiently as higher concentrations (i.e., "swamping out"), or the higher GC contents reducing amplification of the targeted nucleotides. Ongoing studies in our laboratory are attempting to determine the mechanisms behind the variation in WGA efficiency in mixed environmental samples.
Microarray probes for Vibrio cholerae rRNA genes (16S and 23S) were detected in all the water samples. This is surprising since nontoxigenic (ctx-negative) V. cholerae should be found primarily in estuarine environments, and toxigenic V. cholerae is rather rare in the United States. Unlike V. cholerae, Vibrio fluvialis and Vibrio parahaemolyticus (also in sewage) were found only in marine and spiked marine water samples. V. parahaemolyticus infections are much more common in the United States than V. cholerae infections; therefore, it is not as surprising to find the bacterium in sewage, and it is common in estuarine and coastal waters (37, 38) . The most probable reason for the aberrant detection of V. cholerae by microarray is false-positive detection due to low specificity of the microarray probe. Comparison of the V. cholerae probe with the NCBI BLAST database showed a 100% match with Vibrio parahaemolyticus (accession number CP006008.1), Vibrio mimicus (KJ604709), and Vibrio navarrensis (isolated from wastewater; accession number AJ294423.1), which were not present in the database or were overlooked when the probe was originally designed. Similar nonspecificity for the detected Vibrio fluvialis probe was observed. Therefore, ongoing evaluation of the speci- (43) . In our study, two separate lines of evidence suggest that the microarray may be used semiquantitatively for detection of pathogens, namely, the decrease in probe log FU in the spiked samples compared to sewage samples and the correlation of log FU with qPCR results. The development of quantitative or semiquantitative microarrays has the potential to overcome the drawbacks to qPCR methods, including cost, time, and complexity of assays required. Based on qPCR concentrations pre-WGA for those genes not detected on the microarray, the following minimum detection limits (gene copies liter Ϫ1 ) were determined for the combination of the WGA and microarray process: 654 Ϯ 38 of uidA gene of E. coli, 135 Ϯ 8 of polyomavirus, 22 Ϯ 4 of norovirus, and 186 of Enterococcus spp. Further, the relatively low detection limits found here of a few hundred gene copies liter Ϫ1 of water due to the combined methods of ultrafiltration, WGA, and MST microarray support the use of multiple-target microarrays for microbiological water quality monitoring.
The microarray's sensitivity is less than that previously reported for many qPCR assays with a single target (30, 44) . It is greater than the sensitivity previously reported for some microarrays (13, 44) but less than that for other reported arrays which used the source identifier method (29, 30) . In this case, the calculated sensitivity was influenced by the inclusion of over 37 different MST marker genes, many of which belong to pathogens that are relatively rare targets compared to indicator groups such as enterococci. The sensitivity of molecular assays for human-specific pathogens, such as viruses, varies by geographic location and species. For example, Ahmed et al. detected human adenoviruses in 73% of sewage samples in Australia (45), while Wolf et al. detected adenovirus F in 100% of sewage samples in New Zealand (46) but found adenovirus C in only 36% of sewage samples. A multilaboratory study found that viruses were highly specific indicators of sewage in water, but the sensitivity of nine different qPCR methods for human virus detection was very poor, ranging from 0% to 13.2% (47) . The sensitivity of the microarray was estimated using only those probes for which we have sufficient evidence in the literature to assign consistent "host association." In this study, we deemed that marker genes present in greater than 50% of host fecal samples tested (as reported in the literature) were consistently host associated. Sensitivity was then calculated as the number of correctly detected positive probes on the array divided by the number of probes on the array for that particular host. For the sewage sample, we found that 57% of the humanassociated or animal-associated probes were detected in the samples. This is a rather high sensitivity when one considers that some of these probes we know a priori are likely to be in low concentrations in sewage samples (e.g., human mitochondrial DNA, which was not detected with the array) and some are likely to be in high concentration in sewage samples (e.g., Bacteroides HF183 and HF134f, which were detected with the array).
Overall, the results of these studies show that (i) the MST microarray can be used to discriminate between sources of fecal pathogens in surface water samples, (ii) microarray is correlated with qPCR-based enumeration of certain microbial gene targets, and (iii) common waterborne pathogen gene targets can be detected via microarray in surface water and reclaimed water samples. It is important to note that the microarray when used in combination with WGA will detect pathogen genes in infectious pathogens as well as in dead pathogens, and we have noted apparent cross-reactions of some probes (e.g., V. cholerae). Therefore, additional verification methods such as culture or qPCR may be required to assess the relationship between human health outcomes and pathogen gene detection via a microarray.
